Continuous monitoring of spine movement function could enhance our understanding of low back pain development. Wearable technologies have gained popularity as promising alternative to laboratory systems in allowing ambulatory movement analysis. This paper aims to review the state of art of current use of wearable technology to assess spine kinematics and kinetics.
Introduction
Low back pain (LBP) has been identified as a major cause of adult disability contributing to substantial limitations in daily, recreational and occupational activities (Hoy et al., 2014) . Despite LBP being a common problem, there is still a lack of understanding of what causes it in the absence of identifiable underlying pathology, making its management controversial. This is the case for nonspecific LBP which accounts for up to 85% of all cases (Dankaerts et al., 2006) . However, it is believed that the cause of LBP is multi-factorial involving both mechanical and psychosocial factors (Van Dillen et al., 2007 , Clays et al., 2007 . Whilst the latter are measured through questionnaires and scores reflecting patients' subjective views, there is still an open debate on mechanical factors and their contribution. To obtain a better insight into the mechanical factors, an understanding of spine movement patterns during daily tasks has been recommended (Hernandez et al., 2017; Mitchell et al., 2008; Van Dillen et al., 2007) . Daily tasks may impart, when impaired, abnormal, repetitive and prolonged stresses on the spine which may lead to LBP (Hernandez et al., 2017) . Continuous monitoring of spinal movement provides the opportunity for objective and quantitative assssemnt of kinematics and/or kinetics which provides an insight into how spine movements influence mechanical changes and hence LBP development and persistence. In this way the link between LBP and daily activities can be assessed. However, recent recommendations advocate to not limit the analysis to the affected spine regions but to consider the whole body kinematic chain (McGregor and Hukins, 2009; Muller et al., 2015) . Since lower limb kinematic/kinetic assessment with both laboratory and portable technologies is widely documented in the literature, this study is focused on spinal movement assessment.
Spinal movement analysis techniques have evolved mainly around the use of 3D motion tracking systems and electromagnetic tracking devices in a laboratory environment (Mitchell et al., 2008; Muller et al., 2015) . These systems provide complex descriptions of body segment movement but only provide snap-shots of the subject over a short period of time, have limited capture volume constrained by camera positioning or receiver-magnetic field source distance, and create artificial environments for movement assessment. Therefore, despite the detailed information obtained these systems fail to reflect real-life situations.
Conversely, in-field measurements could aid assessment, objectify treatment pathways, and mitigate risks exposure. They will also support monitoring and treatment delivery thus facilitating and encouraging patients' self-management. LBP is often related with the workplace and therefore is best understood through infield measurements. These will facilitate our understanding of works ergonomics and the relationship between environment and LBP.
Advancements in miniaturised technology have brought about new possibilities for long-term monitoring of body movement including assessments in real-life environments. Portable and wearable sensors, in particular inertial sensors, have been introduced and have rapidly gained popularity in biomechanical studies of movement (Bonato, 2010) . Properties such as light-weight, small size, low cost, energy efficiency and portability make these sensors suitable for a variety of applications, from simply monitoring activities of daily living (Yang and Hsu, 2010) or walking speed (Yang and Li, 2012) to more complex body segment kinematics estimation, particularly for the lower limbs (Fong and Chan, 2010) , gait analysis (Shull et al., 2014) and balance assessment (Hubble et al., 2015) .
In the context of LBP, and in the interest of capturing spine movement in real-life settings, this review aims to understand the state of art of current use of wearable technologies, for the assessment of spine kinematics and kinetics.
Methods

Search strategy
A systematic search of the following electronic databases was performed from inception up until August 2016: PubMed, Embase, ACM, Scopus and IEEEXplore. The search focused on identifying articles that included terms under the following general categories: sensors, wearable, outcome, spine. The search terms used are shown in Table 1 . Hand searching and screening the reference lists of relevant articles were also performed to identify articles that may have been overlooked by the electronic searches.
Retrieved articles were imported into EndNote X7 software (Thomson, Reuters, Carlsbad, CA).
Inclusion and exclusion criteria
The titles and abstracts of articles retrieved from the searches were assessed independently by two reviewers (EP, WSK). Full text of potential articles was assessed against eligibility criteria by the two reviewers independently. Inclusion and exclusion disagreements were resolved by consensus. Articles were included if they satisfied the following criteria: were published in English; assessed the spine, including the lumbar spine, using wearable technologies; were peer-reviewed; included at least one of following as outcome measures: spine kinematics, kinetics, and posture parameters as obtained from wearable technology; involved an adult population (!18 years old) performing dynamic movement tasks. Articles were excluded if: they were review or case-study; they used only non-wearable devices; wearable technology was used to only quantify physical activity or spatio/temporal parameters of the activity performed; they described a potential technology not validated/used with human subjects; they did not assess motion of the spine.
Data extraction and quality appraisal
Customised data extraction and quality appraisal forms were developed to extrapolate key details and identify risk of biases of each study. The following details were extracted: study design, sample size, participants' demographics (e.g. population type, age, gender, mass, height), tasks conducted, measuring system used, data sampling, participant set-up (e.g. positioning of the sensors, fixation method), data processing (e.g. filter use for the signal), kinematic and kinetic variables evaluated from sensors signals, statistical analysis technique, reliability/accuracy evaluation.
The quality of the selected studies was assessed using a customised checklist as no applicable standardised guidelines were identified. The checklist was however developed based on tools previously used in motion analysis reviews to include elements related to external validity (e.g. sampling methods and participants description), and biases in protocol description and outcomes reporting, with specific questions to assess information relating to technology use and signal evaluation (Dobson et al., 2007; Needham et al., 2016) . The quality checklist consisted of 20 items (Table 2) ; each item was rated as zero (no detail), one (limited detail) and two (good detail).
Results
Articles selection
The search identified 1837 potentially relevant articles with 15 articles identified from references of related articles and hand searches. 1610 articles remained for consideration after removing duplicates. Following screening of title and abstract, full texts of 46 articles were retrieved. Twenty-two articles satisfied the inclusion criteria. The articles selection process and reasons for full-text articles exclusion are shown in Fig. 1. 
Quality of reviewed articles
The overall quality of papers was rated according to Ratcliffe et al. (2014) , 12 papers were deemed of medium quality (score 33.4-66.7%), and 10 of high quality (score >66.8%) ( Table 2 ). There was a significant low rate of addressing a few core methodological 68  10  2  2  1  2  2  2  1  2  2  15  7  22  32  68  100  11  2  2  1  2  2  2  2  2  2  19  3  22  14  86  100  12  2  2  2  2  2  2  2  2  2  18  3  21  14  82  96  13  2  2  0  2  1  2  1  2  2  16  5  21  23  73  96  14  2  2  1  1  1  1  2  1  1  8  14  22  64  36  100  15  2  2  1  2  2  2  2  2  2  18  4  22  18  82  100  16  1  2  0  2  2  2  2  2  2  16  1  17  5  73  77  17  1  1  1  2  2  2  2  1  2  13  8  21  36  59  95  18  2  2  1  2  2  2  2  2  2  19  3  22  14  86  100  18  2  2  0  2  2  2  2  2  2  18  2  20  9  82  91  20  1  2  0  2  0  2  2  2  2  9  4  13  18  40 59 questions: sample size was justified in only 1 paper; 4 papers described sampling methodology; assessor expertise was reported in 4 papers; participants' eligibility criteria were fully described in 9 and partly in 5 papers, standardised movement instructions and limitations were reported in 14 and 13 papers respectively. Higher quality, on the other hand, was generally recorded in reporting research objectives, and in the description of the methods and systems used. Comparison with a gold standard system was described in 17 papers and measures of accuracy/reliability of the system used in 21 papers.
Descriptive aspects of reviewed articles
In three studies (Dunk and Callaghan, 2010; Lee et al., 2011b; Van Hoof et al., 2012) , the aim was to compare spinal motion differences between healthy and LBP groups. All other studies aimed at introducing and/or validating portable assessment tools for spine movement evaluation. The sample size of the papers reviewed was small with 10 of them considering up to 10 participants (Baten et al., 1996; Bartalesi et al., 2010; Charry et al., 2011; Chhikara et al., 2010; Faber et al., 2016; Goodvin et al., 2006 , Khurelbaatar et al., 2015 Nevins et al., 2002; Wong and Wong, 2008a) , including 4 in which only one participant was involved. In only 4 studies, the sample size was greater than 25 (Consmuller et al., 2012; Dunk and Callaghan, 2010; Ha et al., 2013; Walgaard et al., 2016) .
Most of the studies assessed spine motion in healthy young adult subjects. Five studies also recruited LBP participants (Dunk and Callaghan, 2010; Lee et al. 2011a; Lee et al. 2011b; Morlock et al., 2000; Van Hoof et al., 2012) .
Range of motion (ROM) manoeuvres were common tasks performed by the participants, however tasks such as lifting (2/22) (Baten et al., 1996; Charry et al., 2011) , seated computer use (1/22) (Dunk and Callaghan, 2010) , cycling (1/22) (Van Hoof et al., 2012) , walking (2/22) (Khurelbaatar et al., 2015; , sit-to-stand (2/22) (Walgaard et al., 2016; Wong and Wong, 2008b) and stairs climbing (2/22) Lee et al. 2011b ) were also considered. Some studies monitored participants in their working environments (3/22) (Boocock et al., 1994; Morlock et al., 2000; Thoumie et al., 1998) and during everyday activities in real-life contexts (3/22) (Nevins et al., 2002; Wong and Wong, 2008a,b) and simulated in laboratories (3/22) (Goodvin et al., 2006; Nevins et al., 2002; O'Sullivan et al., 2012) .
Sensors specification and set-up
Details of sensors described in each paper are reported in Table 3 .
Newly developed and off-the shelf wearable sensors were used within the reviewed studies.
The type of sensors used to assess spine movement varied from electrogoniometers (3/22) , strain gauges based sensors (3/22), textile piezoresistive sensor (1/22) and uniaxial to triaxial accelerometers, the latter often used in conjunction with gyroscopes and magnetometers (15/22). Two studies also used portable instrumented insoles in addition to the above motion sensors.
The number of sensor units used differed across the papers, with on average two sensor units positioned on the back of the participants. Positioning along the spine varied with the majority of the included studies reporting sensors placement over lumbar and sacral landmarks (L1, L3, L4, L5, S1, S2) (18/22) and T12 (8/22). Nine studies also reported positioning of the sensors on different regions of the back or body parts. Different fixation methods were adopted, including single and double-sided adhesive tape, velcro strap, elastic belt, and neoprene strap. Some sensors were also attached using a rigid support or embedded into clothing. The size and weight of the systems used was reported in only few studies. Authors reported sampling frequencies between 3 Hz and 100 Hz, however not all authors specified the frequency used.
Data storage and processing
Data were collected and stored for subsequent processing in the majority of studies. Only one study described the use of real-time feedback (Goodvin et al., 2006) . Data from the sensors were wirelessly transmitted to PCs/base station for data storage by the sensor units directly or, by data loggers wired to the sensors, which communicate via Bluetooth to the storage station. In eight studies, data were saved in laptops/portable data loggers attached on the participants' bodies and wired to the sensors units (Boocock et al., 1994; Consmuller et al., 2012; Morlock et al., 2000; Nevins et al., 2002; Thoumie et al., 1998; Van Hoof et al., 2012; Wong and Wong, 2008a,b) . The capacity of the memory cards of the portable data loggers was seldom described.
Most of the systems required calibration before use and filtering due to noise in the data collected. This adds time to the data processing procedure before calculation of the outputs. Butterworth filters of the 2nd to the 5 th orders were adopted with cut-off frequencies ranging from 1 Hz to 30 Hz (6/22, Table 3 ). Kalman filters were also used (3/22) and one study used a 128 th order finite impulse response filter ( Table 3 ). The rest of the studies did not report the type of filter used.
The sensors signals were processed to calculate different kinematic and kinetic aspects of spine movements in 3D. More commonly, however, only sagittal plane movement data were reported. Outcomes were mostly reported relative to the lumbar segment, although cervical, thoracic spine segments, and pelvis were considered in some studies. The following outcomes were reported: 3D angles, flexion/extension ROM, spine curvature sagittal angles, angular velocity, joint moments, and joint forces. Details of outcome measures for each study are shown in Table 3 .
Reliability and accuracy
The accuracy and reliability of the systems proposed in the reviewed papers were evaluated by comparisons with gold standard systems. Optoelectronic motion capture systems were mostly used as gold standards (15/22), one study used an inclinometer (Boocock et al., 1994) , and one used X-Ray (Thoumie et al., 1998) . Direct comparison with a gold standard was not performed in six studies (Consmuller et al., 2012; Dunk and Callaghan, 2010; Lee et al. 2011a; Lee et al. 2011b; Nevins et al., 2002) . Comparisons among studies in terms of reliability and accuracy of systems used are difficult to assess as different measures were reported, they were calculated on different outcome measures and during different test circumstances. Measures of reliability and accuracy reported are shown in Table 4 for each paper.
Discussion
Use of wearable sensor based motion capture systems for the quantitative assessment of human movement is rapidly growing. Portable systems present as a practical choice for in-field measurements, thereby enabling analysis in real-life settings where movement disorders may develop and perpetuate. This is the case with LBP, notably one of the most frequent claimed occupational disorders (Kerr et al., 2001; Dagenais et al., 2008) . In-field assessment, therefore, may positively impact on the healthcare provision of LBP through enhanced understanding of the underlying mechanics.
This systematic review aimed to examine the literature to understand the state of art in relation to the use of wearable technology to assess spine kinematics and kinetics, with the view to use them for clinical trials and work-based assessments. Twentytwo articles were found to satisfy the inclusion criteria. The appraisal of studies quality revealed that the overall scientific quality of the reviewed papers is of medium to high quality. However, it was found that papers were lacking a thorough description of their sample in terms of calculation and justification of the sample size, participants' inclusion criteria, and assessors' expertise. The use of standardised instructions for the experiments was unclear. On the other hand, studies performed well in elements related to the description of the technology used, experimental protocol and outcomes.
The small number of existing literature found on portable assessment of spine motion revealed limited adoption of this technique, which is at an early stage of development and translation. The majority of papers, reported validation type studies with a proof-of-concept theme. New and off-the-shelf technologies were described and validated against more traditional motion capture systems to assess spine movement, as a first step to demonstrate the potential of such technologies for clinical and daily use. Validation mainly occurred with small groups of healthy young participants; only 5 studies explored wearable sensors use with clinical populations. Moreover, the majority of studies were conducted in research laboratories, although some papers described data assessment in working environments and daily living. Boocock et al. (1994) used a flexible electrogoniometer to track changes in the lumbar spinal sagittal curvature in 4 garage mechanics over 2 h of their working day. An electrogoniometer was also used by Thoumie et al. (1998) to assess changes in lumbar flexion/extension when nurses and physiotherapists wore a belt during daily shifts. In Morlock et al. (2000) a full body portable system comprising of 8 electrogoniometers and pressure distribution insoles was used to determine lumbar spine loads and 3D lumbar angles in nurses, with and without LBP, during 4 h of continuous monitoring. A smart garment integrating a tri-axial accelerometer and 3 uniaxial gyroscopes for posture training was developed and used in two studies (Wong and Wong, 2008a,b ) with 5 healthy participants over 4 and 3-day trials during everyday activities. Sagittal and coronal plane angles of the thoracic and lumbar spine were estimated in these studies. Finally, Nevins et al. (2002) monitored spinal posture in one subject while day-to-day activities took place. These exceptions demonstrate, although still at a preliminary stage, the possibility to use these systems for in-field measurements.
When studies were performed in research laboratories, participants performed mostly ROM tasks even though more dynamic activities (e.g. walking) were assessed. The validity of using such technologies in dynamic everyday tasks is important for translation into real-life use. Such technologies in fact may reveal impractical during dynamic tasks in daily living in terms of positioning and sustainability of sensor attachment that will be critical for the robustness of the outputs. Moreover, the presence of wires may cause discomfort for long-term use and restrict natural movements, jeopardising data acquisition. Wires were used in the systems described to connect the sensor units to data loggers or directly to PCs compromising their wearability and practical translation. Alternatively, Bluetooth connection was used to transfer data to a stationary PC. In those cases, however, the systems cannot be considered entirely portable as a recording station is still required and the subject will always need to be within a certain distance to maintain Bluetooth connectivity. This could be obviated if a data logger is used. Data loggers, hence, represent com- Table 4 Accuracy and reliability of systems described in the reviewed articles.
prises for portability despite adding substantial volume to the measurement system worn. Data logging is one area to be improved in the development of such technology in terms of miniaturisation, Bluetooth connectivity with the sensor units and memory capacity.
In the majority of studies, the systems used consisted of inertiabased sensors in the form of accelerometers, single or three axes, used alone or together with gyroscopes or gyroscopes and magnetometers in off-the-shelf inertia measurement units. Accelerometers and gyroscopes are known to be affected by drift errors when acceleration and angular velocity signals are integrated to obtain positions and orientations values, whilst magnetometers signals can be distorted by surrounding magnetic fields (Alonge et al., 2014) . Other sources of errors are related to sensors positioning: skin movement artefact and misalignment between the sensor axes and underlying anatomical segments. The other types of systems described, electrogoniometer and strain gauges based sensors, are also sensitive to the correct sensor positioning, yet not affected by the presence of magnetic fields and post-processing analysis as they provide direct measures of angles. Despite this, technology developments have favoured the uptake of inertia sensors due to their small size and versatility. Moreover, spine movement is not isolated to one anatomical plane. Inertia sensors facilitate the characterisation of LBP related movement disorders by allowing 3D analysis. Despite the potential errors outlined, all systems showed good to excellent agreement and correlation with gold standards for the outcomes evaluated. Gold standards were represented, in the majority of the included studies, by optoelectronic motion capture systems which are frequently used to assess human movement. Measures of sensor accuracy and reliability reported included the root mean square error, mean difference, intraclass correlation coefficient, Pearson correlation coefficient, Spearman's rank correlation coefficient and coefficient of determination. From the detailed values reported in Table 4 , it can be recognised that all the systems could be used to measure kinematics and kinetics parameters of the spine with good accuracy and reliability. It should be mentioned that some of these measures were reported to be related to simple tasks or bench tests. It has, however, been shown that errors can be task dependent therefore it is important to evaluate the accuracy in dynamic and extreme end of range movements prior to widespread implementation. Significant errors could arise from sensor malpositioning, poor fixation, and incorrect identification of anatomical landmarks. It is important to note that such errors also impact on optical tracking systems (Leardini et al., 2005) . Currently, there are no robust tools to correct for movement artefacts. As such these issues remain a limitation of non-invasive motion capture systems whether portable and not.
In terms of outcomes, all studies reported kinematics outputs, angles and/or angular velocities, but only 3 studies reported kinetics measures, joint forces and moments. The most commonly used output was the lumbar spine angle, reported as lumbar angle over time, mean and/or maximum and minimum values or in the form of ROM. Outputs were mostly described in the sagittal plane of movement and on a few occasions included measures of the cervical and thoracic spinal segments (Table 3 ). All outputs were obtained from data processing, including filtering, calibration, integration, mathematical calculations, that took place after the experiments thus precluding real-time biofeedback. Complex data handling algorithms mean long processing time, necessitating specialised hardware and expertise for data interpretation. This is another area that will need further work if data are to be used for clinical assessment and self-management requiring real-time feedback and fast data visualisation of clinically meaningful outputs. Real-time graphical representation of spine motion was only used by Goodvin et al. (2006) . Their interface, however, need improvements to be more user friendly and clinically focused.
Overall, all the systems described in the reviewed papers are suitable to study spine movement, however the choice of the system will be dictated by the scope of the study to be conducted. Systems that require PCs and are characterised by the presence of wires are not the best candidate for every-day and prolonged use. In those cases the use of portable data storages will be advocated as described in 8 studies (Boocock et al., 1994; Consmuller et al., 2012; Morlock et al., 2000; Nevins et al., 2002; Thoumie et al., 1998; Van Hoof et al., 2012; Wong and Wong, 2008a,b) . However, miniaturisation and weight of the portable data logger still need to be optimised. Moreover, if spinal loading is to be measured in the field, in addition to sensors on the spine, sensors on the lower limbs will be necessary for the construction of an inverse-dynamic model as well as portable insoles for ground reaction force measurements as performed by Morlock et al. (2000) and Khurelbaatar et al. (2015) . If the aim of the study is to provide feedback as a mean to deliver movement intervention and retraining, a visualisation tool similar to the one described by Goodvin et al. (2006) will be needed. The systems described, as mentioned above, where mainly used for validation purposes and their capability in terms of diagnostic in LBP and other musculoskeletal conditions needs to be further explored. Although only used to quantify motion patterns differences, some studies support the use of wearable systems with LBP groups (Dunk and Callaghan, 2010; Lee et al. 2011a; Lee et al. 2011b; Morlock et al., 2000; Van Hoof et al., 2012) . Worth mentioning, in this regard, it is that in clinical population, such as LBP, assessment of the spine alongside other body segments may help the diagnostic process as compensation in pain free segments may occur, so the use of a whole body portable sensor system may be required (McGregor and Hukins, 2009; Muller et al., 2015) .
There are limitations to be considered when interpreting the findings of this review. Only articles published in English were included posing a language bias to article selection; the quality appraisal was performed based on the checklist developed for the study aim, a standardised tool was not found as study quality was not reported in similar reviews. Finally, the review findings are limited to the articles identified by the set search strategy.
In conclusion, this review shows the use of wearable systems to quantify spine kinematics and kinetics to date. Wearable systems represent valid tools to track spine movement, however, their use is still confined to research studies and at a preliminary stage of development and use. Data logging and processing, systems design and fixation are areas to be improved to fully exploit the wide applicability of wearable technologies overcoming grounded motion capture systems in terms of long-term monitoring and real-life assessment.
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